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Retinal Ganglion Cell Axons Drive
the Proliferation of Astrocytes
in the Developing Rodent Optic Nerve
Julia F. Burne and Martin C. Raff death) and, as a result, contain a correspondingly in-
creased number of glial cells, including astrocytesMedical Research Council Developmental Neurobiology
Programme (Burne et al., 1996). The increase in astrocyte number
in the transgenic optic nerve results from an increaseMRC Laboratory for Molecular Cell Biology
and the Biology Department in cell proliferation in the astrocyte lineage during the
first postnatal week, suggesting that axons may regulateUniversity College London
London WC1E 6BT the proliferation of developing astrocytes or their precur-
sor cells.United Kingdom
The present study provides direct evidence that
axons normally drive the proliferation of astrocytes in
the postnatal rodent optic nerve. Astrocyte division
Summary halts when the neonatal nerve is cut or when colchicine,
but not tetrodotoxin, is injected into the eye, suggest-
We show that the proliferation of astrocytes in the ing that the mitogenic influence of axons depends on
developing rodent optic nerve absolutely depends on axonal transport but not on axonal electrical activity.
axons and that this axonal influence depends on axo- Whereas both RGCs and basic fibroblast growth factor
nal transport but not on axonal electrical activity. We (bFGF) stimulate DNA synthesis in astrocytes in optic
also show that purified retinal ganglion cells stimulate nerve cultures, the neuregulin glial growth factor (GGF)
DNA synthesis in optic nerve astrocytes in culture and does not.
that the effect can be mimicked by fibroblast growth
factor but not by neuregulins or several other growth
factors. Taken together with previous findings, our Results
present results indicate that axons promote glial cell
proliferation and survival in the developing optic nerve Effect of Optic Nerve Transection
by at least three distinct mechanisms. on Astrocyte Proliferation
As most astrocytes in the rodent optic nerve are born
in the first postnatal week (Skoff, 1990; Barres et al.,Introduction
1992), we focused our attention on this period of devel-
opment. To determine if axons are required for normalWe are interested in the general problem of how cell
astrocyte proliferation in the developing optic nerve, wenumbers are controlled during animal development. As
cut the left optic nerve just behind the eye in P2 mice,a model system, we have been studying how glial cell
allowed 4 days for the axons to degenerate, and thennumbers are controlled in the developing optic nerve,
gave the mice 2 injections of bromodeoxyuridine (BrdU)one of the simplest parts of the vertebrate central ner-
2 hr apart. Two hours after the last injection, the micevous system. The optic nerve contains the axons of
were killed, and the cells in each nerve were dissociatedretinal ganglion cells (RGCs) and two major classes
in trypsin and cultured overnight before they were fixedof macroglial cells—astrocytes and oligodendrocytes.
and stained for GFAP and BrdU. As shown in Figure 1,Astrocytes develop from the neuroepithelial cells that
transection caused a dramatic reduction in the propor-form the optic stalk, the primordium of the optic nerve,
tion of GFAP1 astrocytes that incorporated BrdU.whereas the oligodendrocytes develop from precursor
The same result was obtained when the optic nervecells that migrate into the optic nerve early in develop-
of the Wallerian-degeneration-deficient Wlds mutantment (Small et al., 1987). In previous studies, we focused
mouse was transected (Figure 1), even though, as ex-on how oligodendrocyte numbers are controlled (re-
pected (Perry et al., 1990), the cut axons remained intactviewed by Barres and Raff, 1994); in the present study,
in these mutant mice (not shown). This finding indicateswe have concentrated on how astrocyte numbers are
that RGC axons that have been disconnected from theircontrolled.
cell bodies,even though they are intact and can conductUsing glial fibrillary acidic protein (GFAP) as a marker
action potentials (Perry et al., 1990), cannot maintainfor astrocytes (Bignami et al., 1972), it has been shown
the proliferation of astrocytes in the developing opticthat astrocytes first appear in the developing rat optic
nerve.nerve at embryonic day 16 (E16) (Miller et al., 1985)
The same results were obtained when cell suspen-and then increase in number until 6 weeks postnatally
sions were prepared with papain (as described pre-(Barres et al., 1992). As normal cell death does not seem
viously by Burne et al., 1996), and the cells were stainedto play a part in adjusting astrocyte numbers in the
immediately instead of culturing them overnight. In onerodent optic nerve, at least postnatally (Barres et al.,
experiment, for example, 3% of the GFAP1 astrocytes1992; Burne et al., 1996), we have studied how astrocyte
released from uncut, P6 wild-type nerves incorporatedproliferation is controlled. It was shown previously that
BrdU, whereas only 0.2% of the GFAP1 astrocytes re-transgenic mice that express a human bcl-2 transgene
leased from P6 nerves cut at P2 incorporated BrdU. Incontrolled by a neuron-specific enolase promoter (Mar-
Wlds nerves, the comparable values in this experimenttinou et al., 1994) contain 80% more axons in their optic
nerves (as a consequence of a decrease in normal RGC were 5% and 0.4%.
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Figure 1. The Effect of Nerve Transection on Astrocyte Proliferation Figure 2. The Effect of Intraocular Injection of TTX or Colchicine on
Astrocyte Proliferation in Postnatal Rat Optic Nervesin Wild-Type and Wlds Mutant Optic Nerves
One optic nerve was transected at P2, and the mice were injected Injections were carried out at P3, and the rats were given BrdU at
P5 before they were killed and their optic nerve cells assayed as intwice with BrdU 2 hr apart at P6. Two hours after the final injection,
the mice were killed, and optic nerve cells were prepared and cul- Figure 1. At least 500 astrocytes were assessed per experiment,
and the results are expressed as means 6 SEM of three separatetured overnight before they were fixed and stained with antibodies
against BrdU and GFAP. At least 500 astrocytes were assessed in experiments.
each experiment, and the results are expressed as means 6 SEM
of three separate experiments.
rats with BrdU and determined the proportion of
astrocytes that incorporated BrdU, as described above.
As shown in Figure 2, the intraocular injection of colchi-Effect of Intraocular Tetrodotoxin
on Astrocyte Proliferation cine markedly decreased the proportion of astrocytes
that incorporated BrdU compared to control injectionsOne possible explanation for the failure of cut Wlds ax-
ons to promote astrocyte proliferation is that electrical of vehicle alone, suggesting that the mitogenic influence
of axons depends on axonal transport.activity may be required for the mitogenic effect of ax-
ons, as has been shown to be the case for the influence To exclude the possibility that the injected colchicine
was diffusing from the eye into the optic nerve andof axons on the number of oligodendrocyte precursor
cells in the rat optic nerve (Barres and Raff, 1993); even affecting astrocytes directly, we cut longitudinal frozen
sections of optic nerves from P5 rats that had receivedthough the eyes are not open in the first postnatal week,
RGCs are spontaneously electrically active at this time intraocular colchicine 2 days earlier, stained them with
propidium iodide (PI), and counted the total number of(Galli and Maffei, 1988). To test this possibility, we in-
jected tetrodotoxin (TTX) into the vitreous of the left eye mitotic figures per nerve. If colchicine had diffused into
the nerve, one might expect it to trap dividing cellsof P3 rats. Two days later, we gave the rats two injections
of BrdU 2 hr apart. Two hour after the last injection, in mitosis and thereby increase the number of mitotic
figures. In fact, there were fewer mitotic figures in thewe killed the rats, dissociated their optic nerve cells,
cultured the cells overnight, and stained them for GFAP nerves from colchicine-treated rats: there were 166 6
18 in vehicle-injected rats, compared to 99 6 20 in col-and BrdU. As shown in Figure 2, the TTX injections did
not influence the proportion of astrocytes that incorpo- chicine-treated ones (mean 6 SEM, n 5 3). Thus, the
effect of intraocular colchicine on astrocyte proliferationrated BrdU, suggesting that electrical activity in the ax-
ons is not required for their mitogenic influence on is unlikely to be direct.
astrocytes in the developing nerve.
Effect of Intraocular Colchicine on Oligodendrocyte
Lineage CellsEffect of Intraocular Colchicine
on Astrocyte Proliferation RGC axons have been previously shown to promote the
survival of newly formed oligodendrocytes (Barres etAnother possible explanation for the failure of cut Wlds
axons to promote astrocyte proliferation is that the mito- al., 1993b) and the proliferation and/or survival of oligo-
dendrocyte precursor cells in thedeveloping optic nervegenic affect of axons may depend on short-lived mole-
cules that are continuously transported down the axon (Barres and Raff, 1993). To determine whether these
influences also depend on axonal transport, we injectedfrom the cell body. To test this possibility, we injected
a small amount of colchicine (0.1 mg) into the vitreous colchicine intraocularly as described above. Two days
later, we either cut longitudinal sections of the opticof the left eye of P3 rats; this dose blocks axonal trans-
port but leaves the RGCs ultrastructurally unchanged nerves, stained them with PI, and counted the total num-
berof dead cells per nerve (all of which have been shown(Matthews et al., 1982). Two days later, we injected the
Axon-Dependent Astrocyte Proliferation
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Figure 3. The Effect of Intraocular Colchicine on Oligodendrocyte Lineage Cells in the Developing Rat Optic Nerve
Rats were injected with colchicine or vehicle at P3 and killed at P5.
(A) Serial frozen sections of the optic nerves were stained with PI, and the total numbers of pyknotic cells (thought to be all oligodendrocyte
lineage cells) were counted.
(B) BrdU was injected twice at 4 hr and 2 hr before the rats were killed; optic nerve cells were cultured overnight and stained for A2B5 (to
identify oligodendrocyte precursor cells) and BrdU. The results are expressed as means 6 SEM of three nerves (A) or three separate experi-
ments (B).
to be oligodendrocyte lineage cells; Barres et al., 1992) When the optic nerve was cut at P2, the number of
astrocytes did not change 4 days later, whereasor injected BrdU, dissociated the optic nerve cells, cul-
tured them overnight, and then stained them with both astrocyte numbers increased in the uncut control nerve
as expected (Figures 4 and 5). Similar results were ob-anti-BrdU antibody and the A2B5 monoclonal antibody
(Eisenbarth et al., 1979) to identify the oligodendrocyte tained in the Wlds mutant mice (Figure 5). These findings
suggest that the proliferation of astrocytes in the neona-precursor cells (Raff et al., 1983). As shown in Figure
3, an intraocular injection of colchicine had no effect, tal optic nerve absolutely depends on intact axons.
compared tovehicle alone, on either the number of dead
cells (Figure 3A) or the proportion of oligodendrocyte Effect of RGCs on Astrocyte Proliferation
in Cultureprecursor cells that incorporated BrdU (Figure 3B), sug-
gesting that the axonal influences on oligodendrocyte To demonstrate directly that RGCs are mitogenic for
developing optic nerve astrocytes, we cocultured cellslineage cells do not depend on axonal transport.
dissociated from newborn rat optic nerve with purified
rat RGCs. The optic nerve cells were plated at low den-Effect of Optic Nerve Transection
on Astrocyte Numbers sity and in a small volume of serum-free medium and
left for 6 days so that most of them were no longerAs optic nerve astrocytes do not die during normal post-
natal development (Barres et al., 1993b; Burne et al., dividing. On day 6, we added purified RGCs; the cocul-
tures were maintained in the presence of laminin, CNTF,1996) or after optic nerve transection (Barres et al.,
1993b), we could directly quantitate the influence of and N-acety-L-cysteine, as these have been shown to
promote the survival of purified RGCs (Meyer-Franke etaxons on the proliferation of astrocytes lineage cells in
the developing nerve by determining what happens to al., 1995). We did not add forskolin,which also promotes
RGC survival (Meyer-Franke et al., 1995), as it inhibitedtotal astrocyte numbers when the nerve is cut. To deter-
mine astrocyte numbers accurately, we first measured astrocyte proliferation (not shown). About 18 hr after the
RGCs were added, we added BrdU for 6 hr and thenthe amount of DNA in the nerve and translated this value
into total cell number (Barres et al., 1992). We then deter- fixed and stained the cocultures for BrdU and GFAP.
As shown in Table 1, the proportion of astrocytes thatmined the proportion of astrocytes in the nerve by simul-
taneously staining semithin frozen sections with anti- incorporated BrdU was 20-fold greater in the presence
of RGCs than in their absence; 10% fetal calf serumGFAP and anti-S-100b antibodies to visualize all of the
astrocytes, and with PI to visualize all cell nuclei. Finally, (FCS) had a larger effect, but ovomucoid, which was
added in small amounts with the RGCs, had no effectwe multiplied the proportion of astrocytes by the total
number of cells to obtain the total number of astrocytes on its own. A micrograph of a BrdU-labeled coculture
is shown in Figure 6.in the nerve.
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Figure 4. Immunofluoresence Micrographs of Semithin Frozen Sections of Normal (A–D) or Cut ([E] and [F]) Wild-Type Mouse Optic Nerves
The sections on the left were stained with PI to visualize all of the nuclei, and those on the right were stained for both S100b and GFAP to
visualize the cell bodies and processes of all of the astrocytes.
(A and B) A normal P6 nerve.
(C and D) A normal P2 nerve.
(E and F) A P6 nerve that was cut at P2. Note that the astrocytes are diffusely distributed throughout the width of the normal nerves (B and
D) but are clustered at the center of the cut nerve (F). Scale bar 5 100 mm.
Effect of Growth Factors on Astrocyte Proliferation (Brockes et al., 1980), we tested whether the neuregulin
glial growth factor 2 (GGF-2) could stimulate BrdU incor-in Culture
As neuregulins have been shown to be made by RGCs poration into astrocytes in newborn optic nerve cell cul-
tures. The addition of 20 or 50 ng/ml GGF-2 did not(Meyer and Birchmeier, 1994; Bermingham-McDonogh
et al., 1996) and to stimulate the proliferation of stimulate BrdU incorporation in astrocytes, either in the
presence or absence of 0.5% FCS, suggesting that theastrocytes isoloted from the rat corpus callosum
Axon-Dependent Astrocyte Proliferation
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Figure 5. The Effect of Nerve Transection on Total Astrocyte Num-
bers in the Optic Nerves of Wild-Type and Wlds Mutant Optic Nerves
One optic nerve was transected at P2, and the mice were killed at
P6. Cell numbers were determined by measuring the total DNA in
the nerve and dividing by the amount of DNA per cell (DNA was
measured in eight nerves per group). The proportion of astrocytes Figure 6. Immunofluoresence Micrograph of Coculture of Newborn
was determined from semithin frozen sections stained simultane- Rat Optic Nerve Cells and Rat RGCs Stained for GFAP (A) and
ously for S-100b and GFAP (see Figure 4). Counts of total PI1 cells BrdU (C)
and of astrocytes were made on at least three sections from each
The same field is shown in phase contrast (B). Note that one of theof three nerves per group. The total number of astrocytes was ob-
two astrocyte nuclei is BrdU1. Scale bar 5 50 mm.tained by multiplying the mean total cell number by the mean propor-
tion of astrocytes in single nerves from three animals per group.
The results are expressed as means 6 SEM.
Discussion
mitogenic affect of RGCs for optic nerve astrocytes, in Astrocyte Proliferation in the Developing
culture at least, is not mediated by neuregulins. We Optic Nerve Depends on Axons
tested a variety of other growth factors, either alone Four lines of evidence, three of which are provided by
or in combinations, including platelet-derived growth the present study, suggest that RGC axons drive the
factor AA (PDGF-AA), basic fibroblast growth factor proliferation of astrocytes in the developing postnatal
(bFGF), transforming growth factor a (TGFa), epidermal rodent optic nerve. First, when the mouse optic nerve
growth factor (EGF), and sonic hedgehog (Shh), at the is cut at P2 and BrdU is injected 4 days later, the propor-
concentrations and in the combinations described in tion of astrocytes that incorporate the BrdU is greatly
Experimental Procedures. Only bFGF stimulated the decreased compared to that in the uncut control nerve.
proliferation of astrocytes. The results with bFGF are Second, if the nerve is cut at P2, the number of
shown in Table 1. astrocytes in the nerve 4 days later is unchanged,
whereas the number increases in the uncut control
nerve. As astrocyte cell death seems not to occur in the
Table 1. RGCs, bFGF, and FCS Are Mitogenic for Astrocytes postnatal rodent optic nerve, either during development
(Barres et al., 1992; Burne et al., 1996) or after transec-Additives %BrdU1 Astrocytes
tion (Barres et al., 1993b), this finding strongly suggests
Control 1.1 6 0.5
that the proliferation of astrocytes in theneonatal rodentRGCs 22.6 6 1.6
optic nerve absolutely depends on RGC axons. Third,bFGF 28.2 6 2.3
when purified RGCs are cocultured with newborn optic10% FCS 65.4 6 1.6
nerve cells, they stimulate the incorporation of BrdU intoP0 optic nerve cells were cultured at low density in serum-free
astrocytes. Fourth, we showed previously (Burne et al.,medium for 6 days. After this time, various additives were intro-
1996) that astrocyte proliferation is increased in the de-duced, followed by BrdU the next day. After 6 hr, the cells were
fixed and stained for BrdU and GFAP, 100–200 GFAP1 astrocytes veloping optic nerve of bcl-2 transgenic mice that have
were assessed per coverslip, and five coverslips were examined 80% more RGC axons (as the result of decreased normal
per group. Results of one representative experiment is shown as RGC death during development), suggesting that axons
mean 6 SEM.
are normally limiting for astrocyte proliferation. It seems
Neuron
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likely that axons are also required to stimulate the prolif- the second case, the decrease in the number of dividing
oligodendrocyte precursor cells seen after an intraocu-eration of astrocyte precursor cells in the embryonic
optic nerve as in the mutant ocular retardation mouse, lar TTX injection can be prevented by the administration
of PDGF (Barres and Raff, 1993), but it is still not knownwhere RGC axons fail to enter the optic stalk, and glial
cells in the optic nerve—including astrocytes—fail to whether electrical activity in axons is required for the
production or release of mitogens such as PDGF; nordevelop (Silver and Robb, 1979).
The stimulation of astrocyte proliferation by neurons is it known whether axons or astrocytes or both are the
source of the mitogens.during central nervous system development may not be
a general rule. Others have reported, for example, that What might be the mechanism in the third case, which
we have studied here? Two lines of evidence suggestedneurons can inhibit astrocyte proliferation in cultures of
developing hippocampal (Gasser and Hatten, 1990) and that neuregulins might be responsible for the mitogenic
influence of RGC axons on developing optic nervecerebellar (Barnstable and Drager, 1984) cells. As the
optic nerve is entirely white matter and contains no astrocytes: (1) RGCshave been shown to make neuregu-
lins (Meyer and Birchmeier, 1994; Bermingham-McDon-neuronal cell bodies, it may be that our findings are
applicable only to astrocytes indeveloping white matter. ogh et al., 1996), and (2) neuregulins have been shown
to be mitogenic for astrocytes isolated from the corpus
callosum in the presence of FCS (Brockes et al., 1980).The Axonal Mitogenic Signal for Astrocytes Depends
We show here, however, that the neuregulin GGF-2 can-on Axonal Transport
not stimulate thedivision of optic nerve astrocyteseitherHow do RGC axons stimulate astrocytes to divide in
in the presence or absence of FCS. As all neuregulinsthe developing optic nerve? Our results provide several
are thought to be able to activate all types of neuregulinclues. One is that transected axons of the Wallerian-
receptors (reviewed by Lemke, 1996), our finding makesdegeneration-deficient Wlds mutant mouse (Perry et al.,
it unlikely that the mitogenic effect of RGCs on optic1990) cannot maintain astrocyte proliferation in the optic
nerve astrocytes is mediated by neuregulins. It may benerve, even though they remain intact. This is not be-
that neuregulins are involved in other aspects of astro-cause electrical activity is required for axons to stimulate
cyte development, such as maturation or survival (Pin-optic nerve astrocyte proliferation: an intraocular injec-
kas-Kramarski et al., 1994).tion of TTX, which electrically silences the RGCs and
We have tested a number of other signaling moleculestheir axons, does not affect astrocyte proliferation in the
known to be made by RGCs, including PDGF-AAdeveloping nerve, although it hasbeen shown previously
(Mudhar et al., 1993), bFGF (de-longh and McAvoy,to decrease the number of dividing oligodendrocyte pre-
1992), and Shh (Jensen and Wallace, 1997), and we findcursor cells in the developing optic nerve (Barres and
that of these, used alone or in combination, only bFGFRaff, 1993). The reason cut Wlds axons are not mitogenic
is mitogenic for optic nerve astrocytes in serum-free,for the astrocytes seems to reflect a requirement for
very low density cultures. Although immunohistochemi-short-lived molecules that are anterogradely trans-
cal evidence suggests that bFGF is made by developingported along the axon from the cell body: when a low
rat RGCs (de-longh and McAvoy, 1992), it is not knowndose of colchicine is injected into theeye to block axonal
whether the FGF is transported down RGC axons and,transport, astrocyte proliferation in the developing optic
if so, whether it is released from them. It remains to benerve halts, although there is no effect on either the
determined whether bFGF or any other members of thesurvival of oligodendrocytes or the proliferation of oligo-
FGF family mediates the mitogenic interaction betweendendrocyte precursor cells.
RGCs and optic nerve astrocytes.
In summary, we have shown that RGC axons drive the
Axons Signal to Optic Nerve Glial Cells proliferation of astrocytes in the developing postnatal
by at Least Three Mechanisms rodent optic nerve. The mitogenic effect of axons de-
Taken together with previous findings, our present re- pends on axonal transport but not on electrical activity,
sults suggest that RGC axons can influence developing and it can be mimicked in culture by bFGF.
optic nerve glial cells by at least three distinct mecha-
nisms. First, they can promote the survival of newly
Experimental Proceduresformed oligodendrocytes (Barres et al., 1993b) by a
mechanism that does not depend on either electrical
Chemicals
activity (Barres and Raff, 1993) or axonal transport (this All chemicals were from Sigma unless otherwise stated.
study). Second, they can promote the proliferation and/
or survival of oligodendrocyte precursor cellsby a mech-
Animalsanism that depends on electrical activity (Barres and
C57Bl/6–Wlds mutant mice (Perry et al., 1990) and C57Bl/6J wild-Raff, 1993) but not on fast axonal transport (this study).
type mice were purchased from Harlan-Olac and bred in the Univer-
Third, they can stimulate astrocyte proliferation by a sity College London animal facility. Sprague–Dawley rats were ob-
mechanism that depends on axonal transport but not tained from the University College London breeding colony.
on electrical activity (this study). The molecular bases
of these effects are uncertain. In the first case, although
Optic Nerve Transectiona number of cytokines have been shown to promote the
Postnatal day 2 (P2) mice were anesthetized by cooling to 48C, and
survival of newly formed optic nerve oligodendrocytes an incision was made in the left eyelid so that the eyeball could be
in culture (Barres et al., 1993a) and in vivo (Barres et al., gently retracted. The optic nerve was cut behind the globe with a
microscissors, and the incision was closed with 10–0 suture.1992; 1993a), it is not known how axons do it in vivo. In
Axon-Dependent Astrocyte Proliferation
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Intraocular Injection number of astrocytes (fluorescein-labeled cells) were counted in
each section.P3 rats were anesthetized by cooling to 48C. P7 rats were anesthe-
tized with a mixture of Hypnorm and Diazepam. A small incision
was made in the eyelid with scissors, and injections were made just Staining of Dead Cells in Optic Nerve Sections
posterior to the corneoscleral junction. A volume of 0.5 ml of fluid To determine the number of dead cells in optic nerves, frozen sec-
containing colchicine (5 3 104 M in sterile saline), TTX (1024 M in tions were stained with PI (Barres et al., 1992). First, the sections
phosphate-buffered saline), or vehicle alone was slowly injected were postfixed with 70% ethanol at 2208C for 10 min. They were
into the vitreous of the left eye through a 34-gauge needle attached then incubated in PI and DNAase-free RNAase A (100 mg/ml) for 15
to a 5 ml Hamilton syringe. min at 378C (Rodriguez-Tarduchy et al., 1990). The slides were then
washed, mounted, and examined, as described previously (Burne
et al., 1996). The total number of dead cells in a nerve was deter-Measurement of DNA
mined by counting all the pyknotic cells in all of the sections pre-The total amount of DNA in optic nerves was measured as previously
pared from the entire nerve. Condensed or fragmented nuclei,whichdescribed (Barres et al., 1992). Briefly, the nerves were dissected
were also phase dark, were counted as pyknotic, and only cellsby initially cutting them behind the eye and removing the brain with
within the boundary of the glial-limiting membrane were considered.the optic nerves still attached. Both nerves were then cut at the
chiasm and placed in digestion buffer containing 10 mM Tris HCL,
50 mM EDTA, 0.1% SDS, and 200 mg/ml proteinase K. The nerves Cocultures of RGCs and Optic Nerve Cells
were minced with scissors and incubated at 558C for 48 hr in diges- To determine if RGCs stimulate DNA synthesis in optic nerve
tion buffer. After digestion, the final volume was measured, and the astrocytes in culture, the two cell types were cultured together,
DNA was assayed using a fluorimetric method (Labarca and Paigen, pulsed with BrdU, and then stained for BrdU and GFAP. First, new-
1980) that measures the amount of Hoechst 33258 dye that binds born rat optic nerve cells were cultured at low density (500 cells
to DNA, using a Perkin-Elmer LS-5 luminescence spectrometer. The per 6 mm PDL-coated coverslip) in a serum-free Bottenstein–Sato
amount of DNA was translated into cell number, assuming 5.8 pg medium based on Neurobasal medium (GIBCO BRL), containing
of DNA per diploid cell (Ausubel et al., 1991). DNA standard curves N-acetyl-L-cysteine (60 mg/ml) and penicillin–streptomycin (50
were prepared using the same percentage of SDS that was present U/ml). The coverslips were in a 96-well plate (Falcon) in 50 ml of
in the tissue samples. No correction was made for cells in S or G2 culture medium. The medium was replaced after 3 days, laminin
phases of the cell cycle. (200 mg/ml) was added after 5 days, and the cells were used after
6 days, by which time approximately 70% of the cells present were
GFAP1 astrocytes.BrdU Incorporation
RGCs were purified from newborn rat retinae by sequential immu-To determine the proportion of astrocytes dividing in the optic nerve,
nopanning, following the procedure of Meyer-Franke et al. (1995).we injected mice twice intraperitoneally with BrdU, 0.1 mg/g body
The only modification was that after the RGCs were removed fromweight (2 hr apart). Optic nerves were dissociated with trypsin and
the final panning dish, they were washed twice with ovomucoid (2cultured overnight on poly-D-lysine (PDL)-coatedglass coverslips in
mg/ml; Boehringer–Mannheim) rather than with FCS, so that at noa modified Bottenstein–Sato medium (Bottenstein and Sato, 1979),
stage were the RGCs exposed to serum. Of the cells, .95% werebased on Dulbecco’s modified Eagle’s medium and containing insu-
Thy-11, a marker of RGCs (Barnstable and Drager, 1984). A total oflin (10 mg/ml) and 0.5% fetal calf serum, as previously described
5000 purified RGCs were added to the 6-day-old cultures of optic(Burne et al., 1996). The next day, cells were fixed with cold metha-
nerve cells. Before the RGCs were added, the laminin was washednol, double labeled by indirect immunofluoresence for GFAP and
out. The RGCs were added in 50 ml of the culture medium describedBrdU, mounted, and examined in a Zeiss Axioskop fluorescence
above, except that it also contained recombinant rat CNTF (a giftmicroscope, as previously described (Burne et al., 1996). In some
from M. Sendtner; 50 ng/ml), human GGF-2 (50 ng/ml; Cambridgeexperiments using rat optic nerve cells, the cells were stained on
Neuroscience), either with or without 0.5% FCS, human PDGF-AAtheir surface with A2B5 monoclonal antibody (Eisenbart et al., 1979)
(Pepro Tech; 50 ng/ml), human TGFa (Pepro Tech; 50 ng/ml), mouseto identify oligodendrocyte precursor cells (Raff et al., 1983) and
EGF (50 ng/ml), the amino-terminal active fragment of mouse Sonicthen fixed in methanol and labeled for BrdU, as previously described
hedgehog (Shh-N, a gift from H. Roelink and T. Jessell; 3 mg/ml),(Burne et al., 1996).
and human bFGF (Pepro Teck; 0.5 ng/ml). In each case, the same
batch of growth factor was shown to have potent biological activityFrozen Sections
in other assays: the GGF-2, for example, stimulated BrdU incorpora-Conventional frozen sections of optic nerve were prepared from P5
tion in purified rat Schwann cells, with an ED50 of 2 ng/ml (L. Chenrats. The rats were anesthetized with a lethal injection of Sagatal
and A. Mudge, unpublished data). In some cases, combinations ofand then perfused through the heart with 0.1 M phosphate buffer
factors were tested, including PDGF1EGF, PDGF1bFGF, EGF1(pH 7.4) to remove blood cells, followed by 4% paraformaldehyde
bFGF, and PDGF1bFGF1EGF, using the concentrations indicatedin the same buffer. Optic nerves were removed and immersed in
above, except for bFGF, which was used at 50 ng/ml in these mixturethe same fixative overnight at 48C. They were then transferred to
experiments. The next day, BrdU (50 mM) was added to all wells,1 M sucrose in the same buffer until equilibrated, embedded in OCT
and after 6 hr, the cells were fixed with cold methanol, stained withcompound, and frozen in liquid nitrogen. Frozen sections were cut
antibodies against BrdU and GFAP, and the proportion of astrocytesat 10 mm and collected onto glass microscope slides previously
that had incorporated BrdU was determined.coated with 1% gelatine. Sections were either stained immediately
or stored at 2208C until use.
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